In this paper, the analysis of the foaming process of flexible polyurethane modified with the addition of silica nanoparticles is presented. Flexible polyurethane foams (FPURF) were obtained using petrochemical components and a rapeseed-oil-based polyol (used in an amount of 20 wt %). Nanosilica was added to the polyurethane system in the amount of 0.5, 1.0 and 1.5 php (parts per hundred polyols). The characteristic parameters of the foaming process, such as the growth velocity of foamed materials, the core temperature and dielectric polarization, were measured using a Foamat device. It was observed that polyurethane-forming reactions slowed down as an effect of the increase of nanosilica content in the polyurethane composition. Consequently, the temperature in the core of the reaction mixture containing 1.5 php nanosilica was lower by approx. 35°C compared to the reference material. Moreover, the influence of the method of homogenization of the nanofiller with polyols on the selected properties of prepared foams was analyzed. The following properties of flexible polyurethane foams were determined: apparent density, resilience, compressive strength, hardness, hysteresis and support factor. The introduction of nanosilica filler to the polyurethane formulation caused an increase in the apparent density from 24.6 kg/m 3 for the reference foam to 28.5 kg/m 3 for the foam containing 1.5 php of nanosilica. However, this nanofiller did not significantly affect the cell structure of foamed materials. The foams obtained with the nanosilica additive of 1.0 php had the most preferred properties, such as a slightly higher value of resilience, lower hardness and higher support factor than the reference foam without nanosilica.
The basic components used in the synthesis of polyurethanes (PUR) are polyols and isocyanates, which have petrochemical origins. Rising oil prices and limited resources have caused the industry to look for new ideas, among others, the use of renewable raw materials such as polyols from natural oils (NOPs) [1] [2] [3] . NOPs can be obtained from vegetable oils such as palm, rapeseed, sunflower or soya using different methods described in the literature. These methods are mostly based on the conversion of the double bond to the hydroxyl groups [4] [5] [6] or transesterification and transamidization reactions [7] [8] [9] .
NOPs synthesized from rapeseed oil can be used for the preparation of flexible polyurethane foams (FPURF). Components obtained from renewable raw materials of plant origin are environmentally friendly and their application can be commercially reasonable. The addition of such polyols in the synthesis of FPURF affects its properties, mostly causing an increase in apparent density, reduction in the surface tension and thereby an increase of cell numbers in the foam structure and different mechanical properties [10] [11] [12] [13] .
Changes of polyurethane compositions and production parameters can significantly influence the foaming process and properties of the final foams. The addition of fillers complicates the manufacturing process, but it can have a positive impact on the final physical and mechanical properties of the foams. Powder and fibrous fillers of nanoand micro-sizes are more and more often added to composites obtained in the form of foamed materials. Mostly, they are added to one of two basic polyurethane components (polyol or isocyanate) before their mixing or placed in the mold before pouring the polyurethane reaction mixture. The main purpose of fillers is to improve the mechanical properties of the final products and their dimensional stability [14] . The distribution and size of the fillers affect the mechanical properties of the modified foams. The level of changes depends on the proportion of filler and its interaction with the polyurethane matrix [15] .
In recent years, polyurethane nanocomposites with silica nanoparticles have attracted much attention due to significant improvements in the properties of such materials [16] . Nanosilica can affect the chemical reaction of the PUR formation and cell geometry of foams. At higher concentrations, nanosilica increases the viscosity of the reaction mixture and affects cell growth [17] . Small size, well-dispersed nanoadditives simplify the process of bubble nucleation during the foaming of polyurethanes [18] . However, due to their high surface area, nanoparticles tend to agglomerate and it is very difficult to disperse them in polymer matrices. High-intensity ultrasonic waves may be useful to produce homogenous dispersions [19] . The introduction of nanosilica to polymer materials influences their properties, among others, sound absorption, thermal stability and fire retardancy [20] [21] [22] .
In this paper, different contents (0.5, 1.0 and 1.5 php) of nanosilica, as well as polyol based on rapeseed oil (20 wt % in polyols premix), were used in the synthesis of FPURFs. Additionally, various methods for mixing nanosilica with the polyol premix were applied. The aim of the work was to determine the influence of the method of nanosilica introduction to the polyol premix, and the nanosilica content in polyurethane formulation, on the cell structure and mechanical properties of the final flexible foams.
EXPERIMENTAL PART

Materials
PUR foams were prepared using a petrochemical polyether polyol F3600, having a hydroxyl number (L OH ) 48 mg KOH/g and water content of 0.10 wt % (PCC Rokita S.A.); rapeseed oil-based polyol Rz/iP having L OH = 84 mg KOH/g and water content of 0.02 wt % (Zak³ad Dooewiadczalny Organika in Nowa Sarzyna); toluene diisocyanate (TDI) supplied by Ciech Pianki S.A.; additives like catalysts (Dabco T-9, Dabco BLV) supplied by Air Products and surfactant (Niax L-618) supplied by Momentive Performance Materials, hydrophilic fumed silica Aerosil 200 with a specific surface area of 200 m 2 /g and an average particle size of 12 nm (Evonik Industries AG). The blowing agent was carbon dioxide obtained as a result of the polyisocyanate reaction with water.
Preparation of foams
All foams were prepared at room temperature using a one-shot method. The formulations used to prepare FPURF are shown in Table 1 . In all formulations, rapeseed oil-based polyol was applied at 20 wt % of the polyols mixture. Formulations differed in the amount of nanosilica content, which was added from 0 to 1.5 php. The same amounts of catalysts (like in the case of reference formulation) were also applied in the case of all formulations with nanosilica to analyze the foaming process. However, in order to obtain foam materials with good quality of physical and mechanical properties it was necessary to increase the amount of catalysts in the formulations modified with nanosilica (Table 1) .
Three homogenization methods of polyols with nanosilica were used in order to estimate the effect of the mixing method of the raw materials on the properties of prepared foams:
A -mechanical mixing for 30 s; B -mechanical mixing for 5 min; C -mechanical mixing for 5 min + ultrasonic homogenization (OMNI Sonic Ruptor 400) for 20 min using a power of 200 W.
Catalysts, water and surfactant were added to the dispersion of nanosilica in polyols and mixed together for 30 s. Then, a suitable amount of TDI was introduced to the polyol premix. Both components were mixed for 10 s and the reaction mixture was poured into a mold (120 × 120 × 100 mm). The free growth of foams was carried out in the vertical direction. 
Methods of testing -Measurement of foaming process characteristic parameters
In order to analyze the process of PUR foam formation, a Foamat device (produced by Format Messtechnik GmbH) was used. This device allows the determination of the foaming process parameters such as: temperature, growth velocity and dielectric polarization of the reaction mixture.
-Cell structure analysis The cellular structure of the foamed materials was analyzed using an optical microscope (produced by PZO Warszawa) coupled to an Oscar Color Camera CCD (supplied by Centrum Mikroskopii Warszawa). The foams were cut into 8 monolayers in perpendicular and parallel directions to the foam growth direction. ImageJ software was used for analyzing images of cell structure and to determine cell size and the anisotropy index.
-Physical and mechanical properties The apparent density of the foams was determined using the standard ISO 845: 2006. Compressive strength was measured using a Zwick Z005 TH Allround-Line in accordance with ISO 3386-1:1997. Each sample was compressed four times to 25 % of its height. Between compressions, a 5 min interval was introduced so that samples had time to return to their original size. Compressive strength values were recorded during both loading and unloading of foam samples. On the basis of these data, hysteresis, support factor, hardness at 40 % strain and strength at 75 % strain were determined. Foam resilience in a parallel direction to the foam growth direction was measured in accordance to ISO 8307:2007 using the steel ball method.
The support factor and hysteresis were calculated using the following formulas (1), (2) respectively [23] :
where: F 65 % -the stress at 65 % deformation (kPa), F 25 % -the stress at 25 % deformation (kPa).
where: W load -the work on loading sample (J), W unloadthe work on unloading sample (J).
RESULTS AND DISCUSSION
Foaming process analysis
Firstly, three formulations differing only in the content of nanosilica (0, 1.0, 3.0 php) were used in the foaming process analysis. The reference foam did not contain any nanoadditive. In the case of all analyzed formulations (with and without nanosilica), the same concentration of catalyst was applied. The results of this study showed that the introduction of nanosilica to the PUR formulation has considerable influence on the foaming process. The foaming process of material containing 3.0 php of nanosilica significantly differed from the other two. The reaction mixture with 3.0 php of nanosilica hardly grew, the temperature in the foam core reached only approx. 70°C, and the reactions were slower, which was confirmed by a slow decrease in the dielectric polarization during the foaming process. Such an additive of silica nanoparticles (3.0 php) in the case of the analyzed formulations was too large and caused technological difficulties, which made it impossible to obtain FPURF of good quality [24] . Therefore, in further studies, foams were prepared with 0.0, 0.5, 1.0 and 1.5 php of nanosilica content. Even such small additions of nanosilica resulted in a decreased temperature of the core of the foamed mixture ( Fig. 1 ) and, as a consequence, decreased growth velocity of foams (Fig. 2) . Moreover, the changes of the dielectric polarization of reaction mixtures were slower (Fig. 3) .
The introduction of 0.5 php nanosilica to the PUR formulation caused a significant decrease of the highest temperature of the reaction mixture. In the case of the reference formulation, the highest temperature reached 108.4°C, whereas only 93.2°C was reached for the formu- Likewise, in the case of dielectric polarization, the important difference in the values of this parameter (Fig. 3) was noticed as an effect of the nanosilica additive to reference formulation in the amount of 0.5 php, which confirms the slow-down of polyurethane-forming reactions. However, considerable changes of growth velocity (Fig. 2) were noted for the FPURF formulation containing 1.5 php of nanosilica compared to the reference material. The curves reflected the changes of growth velocity during the foaming process of reference formulation and modified with 0.5 php of nanosilica are similar.
Cell structure and apparent density of foams
The physical-mechanical properties of polyurethane foams considerably depend on their apparent density and cell structure. Generally, flexible foams must have open cells in order to avoid shrinkage phenomena. On the other hand, such foams should be characterized by a low apparent density. Therefore, on the basis of the analysis of the foaming process, the catalysts content in the formulations with nanosilica was modified (Table 1) in order to obtain foams with good quality cell structures. Before the modification at the catalysts level, the foams obtained with nanosilica contained the defects in the form of holes (so called pockets). These defects were created due to the low reactivity of the system, as confirmed by analysis of the foaming process.
The increase of catalyst content in the formulations with nanosilica allows us to obtain two foams (reference and modified with 0.5 php of nanosilica) with similar apparent density (Fig. 4a) . It was found that the increase of nanosilica content from 0.5 to 1.5 php resulted in an increase in the foam apparent density from 25.1 to 28.5 kg/m 3 . The introductory method of the nanofiller to polyol premix did not clearly affect the apparent density of the final foams. However, it was observed that the foams obtained with the polyol premix prepared using the ultrasonic homogenizer had a lower spread of apparent density results, which means POLIMERY 2015, 60, nr 7-8 475 that it makes the synthesis more reproducible (Fig. 4b) . These observations can be explained by the fact that, due to their large surface area, nanoparticles tend to agglomerate. Therefore, it is difficult to uniformly disperse them in the PUR matrix. Agglomerated nanoparticles can cause defects and negatively affect the structure of the obtained material [10] . Using an ultrasonic homogenizer, it was possible to obtain a more uniform dispersion of nanosilica in the polyol premixes, and to prevent defect formation in foamed materials, but not to prepare the foams with a lower apparent density.
Nanofillers including nanosilica are attributed as the nucleating agents in the foaming processes so they have an impact on the cell structure of the obtained foams. The influence of the applied additives of nanosilica on the structural characteristics of the prepared porous materials is shown in Table 2 (nanosilica content) and Table 3 (homogenization method). The cell structure of all obtained foams also depends on the cut direction of the material slices. The cells were more fine in the cross-section, which is perpendicular to the direction of foam growth. The cells, in the cross-sections perpendicular to foam growth, have lower cross--section areas and are more spherical (anisotropy index approx. 0.90-0.95) in contrast to the cells in the cross--section parallel to the growth direction of foam, which are larger and have an elongated shape (anisotropy index in the range of 0.76-0.84). Generally, the cellular structure analysis shows that the nanosilica content in the range of 0.5 to 1.5 php did not significantly affect the cell structure of the obtained materials. It was found that the homogenization method of nanosilica with polyols premix affected the cellular structure of the obtained foams. By extending the mixing time and the application of ultrasonic homogenizer (method C), the cells were smaller in the obtained materials (which is confirmed by the average cell cross-section areas shown in Table 3 ) than in the mixing methods A and B.
Mechanical properties of foams
There are many different methods of measuring mechanical properties that can be helpful to determine the foams' suitability for various applications. The compressive test allows us to assess the influence of nanosilica additive and its homogenization method with polyol on such properties as hardness, support factor and ability for absorbing energy (hysteresis). The hysteresis loops of the foams with different nanosilica content are shown in Fig. 5 . It was found that when more nanofiller was applied, the material was characterized by a hysteresis loop of smaller surface area. This means that modified foams have a smaller ability to absorb energy. These changes correlate with higher values of resiliency, which is presented in Fig. 6a . The values of resilience increases from 33 % for the reference foam to more than 35 % for foam modified with 1.0 php of nanosilica.
A similar correlation between the foams' properties and the amount of nanosilica was found when analyzing the hysteresis (Fig. 7a) , support factor (Fig. 8a) , hardness at 40 % strain and compressive strength at 75 % strain (Fig. 9a) . The results shown in Fig. 7 and Fig. 8 confirm that the increase of nanosilica content caused an improvement in the useful properties of modified foams (higher support factor, lower hardness) taking into account their potential application in the furniture industry. properties of the obtained materials, as evidenced by the smaller standard deviations of the analyzed results. In addition, better homogenization of the investigated mixtures resulted in foams with a lower hardness and a higher support factor ( Fig. 8b and 9b ). The resilience (Fig. 6b ) of foams increased from 33 % for the foam in which the nanosilica was mixed with a polyol only 30 s to more than 35 % for the foam, in which the raw materials were mixed using a sonicator.
CONCLUSIONS
The application of silica nanoparticles in the synthesis of flexible polyurethane foams incorporating polyols based on rapeseed oils significantly influences the foaming process.
A small additive of this nanofiller causes a considerable slow-down of the polyurethane-forming reaction as evidenced by the decrease of reaction mixture temperatures and a slowing-down of the dielectric polarization changes during the foaming process.
Polyurethane formulations containing nanosilica require higher concentration of catalysts in comparison to the reference formulation without this nanofiller.
The mixing method of polyol with nanosilica is a very important factor in the reproducibility of the preparation process of polyurethane foams and influences the properties of the final porous products.
Cell structure analysis of the obtained materials demonstrated that the addition of silica nanoparticles in amounts up to 1.0 php does not significantly affect pore size and shape in the investigated foams. However, prolonged mixing of the polyol premix with nanofiller and the application of an ultrasonic homogenizer allows us to obtain materials with finer cells.
The application of nanosilica in polyurethane formulation can be a beneficial influence on the physical and mechanical properties of flexible foams causing a greater support factor, lower hardness and higher resilience. POLIMERY 2015, 60, nr 7-8 
